PURPOSE. To determine the relationship between refractive error as measured by autorefraction and that measured by trial frame refraction among a sample of adults with vision impairment seen in a university-based low-vision clinic and to determine if autorefraction might be a suitable replacement for trial frame refraction.
R efraction, the determination of the refractive error of an eye, is an essential part of eye care. Refraction is used clinically to determine the spectacle prescription so that the best possible acuity can be achieved. Because many patients with low vision report that their glasses do not help, some may believe it appropriate to skip refraction; however, Sunness and Annan 1 found that 11% of new low-vision patients in their practice experienced a significant improvement in visual acuity by refraction. Refraction for most patients is done with the use of a phoropter to maximize efficiency; however, trial frame refraction is preferred for low-vision patients because it allows a more natural viewing posture that is amenable to eccentric viewing when needed. Additionally, the phoropter presents lens changes in 0.25-diopter (D) increments, whereas trial frame refraction allows the examiner to determine the magnitude of difference between the lens choices presented such that the differences are discernible by the patient. Trial frame refraction of low-vision patients is time consuming, taking approximately 15 minutes per patient. 2 Over the past few decades, autorefraction has become an important part of routine eye care and clinical trials. It has been shown to be both sensitive and specific for screening refractive error in pediatric patients. 1 In three trials comparing the spherical equivalent (SE) of autorefraction to subjective refraction, the difference was less than or equal to 60.50 D between 70% and 74% of the time. [3] [4] [5] Because there are occasionally larger errors, however, the authors concluded that autorefraction cannot replace subjective refraction in routine clinical practice.
Most patients presenting for low-vision rehabilitation do so because of reduced visual acuity, although some present due to impaired visual field or contrast sensitivity, among other reasons. Patients with decreased acuity have a larger apparent depth of focus 6 because they are less sensitive to blur. Legge and colleagues 7 have shown that tolerance to defocus increases as visual acuity declines. The ''just-noticeabledifference'' as it relates to refraction is the smallest lens power change that results in discernible blur. A generally accepted rule of thumb for clinicians is that the observer can discern a difference equal to or greater than the denominator of their Snellen fraction divided by 100. 8 So, for example, a patient with 20/200 visual acuity would be able to discern a difference of 200/100, or 2.00 D. Although this is a widely accepted standard used for more than 30 years, its origin and validity are unknown.
It remains to be determined whether autorefraction is similar enough to trial frame refraction such that the patient with low vision would be unable to discern a difference between the refractions generated by those techniques. The purpose of this study was to determine the relationship between refractive error as measured by autorefraction and that measured by trial frame refraction among a sample of adults with vision impairment seen in a university-based lowvision clinic. The goal of the study was to determine if autorefraction might be a suitable replacement for trial frame refraction.
METHODS
A retrospective cross-sectional study of all new adult patients seen in a university-based low-vision clinic was undertaken. Institutional review board approval was obtained. This research adhered to the tenets of the Declaration of Helsinki.
Charts for all new adult patients 19 years or older seen over an 18-month period were reviewed and the following information was collected: age, sex, primary ocular diagnosis, entering distance visual acuity, habitual correction, trial frame refraction, autorefraction, and distance visual acuity measured after trial frame refraction. The variables for habitual correction, trial frame refraction, and autorefraction were expressed as sphere power, cylinder power, and cylinder axis. Data collected were from clinical low-vision evaluations that were performed by an optometrist with residency training in low-vision rehabilitation (DKD, MSS). Manual lensometry was used to determine the habitual spectacle correction. Autorefraction was performed using a Nikon Retinomax Autorefractor (Nikon Retinomax Kþ, Nikon, Inc., Tokyo, Japan) in dim illumination. The instrument prints a maximum of the last eight measurements and displays a representative value for each eye along with a confidence number based on the variance of the readings (range 1-10; higher numbers equal greater confidence). Confidence numbers of 8 or greater are recommended by the manufacturer. The examiner was not masked to the results of lensometry or autorefraction, and was free to choose either as the starting point for refraction. Monocular trial frame refraction was performed using loose lenses with an end point for spherical correction of the most plus that gave the best visual acuity. Astigmatic correction was determined in the minus cylinder form, using a 6 0.50 D or 61.00 D hand-held Jackson Cross cylinder lens, depending on which was deemed more appropriate by the examiner. The end point for cylindrical correction was the last cylinder lens in which more power was accepted. Best-corrected visual acuity after trial frame refraction was measured either with a back-illuminated Early Treatment Diabetic Retinopathy Study (ETDRS) chart or a projected Snellen chart, giving patients credit for each line in which more than 50% of letters were read correctly, as is done in clinical practice. Acuity was not recorded after autorefraction.
Variables were summarized using descriptive statistics. Autorefraction and trial frame refraction data were analyzed only for the better eye because frequently in low-vision rehabilitation a significantly poorer seeing eye will receive a less rigorous refraction than the fellow eye. The refraction data were analyzed per the method of Thibos and colleagues, 9, 10 in which the spherocylindrical refractive error is broken down into a power vector. The power vector has three dioptric components: the SE of the refractive error and two cross-cylinders: one at axis 0 (180) degrees (J 0 ) and the other at axis 45 degrees (J 45 ). 10 The length of the vector from the coordinate origin of the space to the point in dioptric space occupied by the SE, J 0 , and J 45 coordinates represents the overall blurring strength (B) of the spherocylindrical refractive error. Overall blurring strength is the same for a given vector length, regardless of whether the blur is myopic or hyperopic. The following formulas were used 10 :
The SE, J 0 , J 45 , overall blurring strength, and cylindrical power were determined for all participants as well as subgroups based on bestcorrected visual acuity (better than 20/100, 20/100 to 20/200, and worse than 20/200) and age (45 years or younger and older than 45 years). Agreement between trial frame refraction and autorefraction was determined using intraclass correlations, paired t-tests and BlandAltman plots. 11 Differences between autorefraction and trial frame refraction were also analyzed using the absolute value of the difference to yield a greater understanding of the magnitude of the difference. Due to the clinical importance of refractive error, the proportion of each of the vector components as well as the overall blurring power that were within 60.50 D and within 61.00 D were also determined.
Although power vectors are the most precise representation of a spherocylindrical refractive error, they are not readily used in clinical practice. For that reason, the agreement between trial frame refraction and autorefraction was determined for cylindrical power and axis as well. Statistical significance for all analyses was set at P less than 0.05, two-tailed.
RESULTS
A total of 582 new adult patients were seen during the 18-month study period. Fifty-two patients were ineligible because they were seen for reasons other than a low-vision evaluation or they had no manifest refraction performed. Of the 530 eligible patients, 440 had both autorefraction and trial frame refraction performed on their better seeing eye. Demographics and clinical characteristics of the sample are presented in Table  1 . Slightly more than half of the participants were female (59%) and mean age was 68 years (SD ¼ 20). Age-related macular degeneration was the most common etiology for vision impairment (44%). Better eye visual acuity improved 0.12 6 0.20 log minimum angle of resolution (logMAR) on average between trial frame and habitual correction.
Intraclass correlations between trial frame refraction and autorefraction (Table 2) The SE of the trial frame refraction tended to be more plus on average than that of autorefraction for all participants combined and for all visual acuity subgroup analyses (Tables 2  and 3 ). Subgroup analysis (Table 3) showed that for the most part, the differences were greater when visual acuity was poorer. There was very little difference between J 0 and J 45 for the overall group and for each acuity subgroup. Because the data reflect plus and minus lens powers that offset one another to some extent, the absolute value of the difference was also determined. The mean of the absolute value of the differences ranged from 0.43 D for J 0 among those with vision worse than 20/200 in the study eye to 0.94 D for the SE among those with vision from 20/100 to 20/200 ( Table 3 ). The mean differences were statistically similar between those older than 45 years and those 45 and younger. Table 4 Furthermore, if we look at cylinder power, the mean of the absolute value of the difference between trial frame refraction and autorefraction was 0.50 D (Table 3) . Differences were significant across all visual acuity groups. On average, the autorefractor measured greater astigmatic refractive error than trial frame refraction ( Table 2 ). More than two-thirds of all participants had a difference of 60.50 D (Table 4) . Restricting the data set to only those participants with confidence ratings of 8 or greater improved the proportion within 60.50 D and within 61.00 D, except for those with acuity worse than 20/ 200. Cylinder axis was analyzed separately, for all participants and again for participants with at least 0.75 D of cylinder power on trial frame refraction, because higher cylinder powers require more precise axis refinement. The overall mean axis difference was 1.4 degrees (SD 620.3). The tolerance permitted for cylinder axis in an ophthalmic lens with cylinder power of 0.75 D is 65 degrees. 12 In our sample, we included all prescriptions of at least 0.75 D, and less than half met the ANSI Z80.1 standard (Table 5 ). BCVA, best-corrected visual acuity. 
DISCUSSION
To the authors' knowledge, ours is the first study to compare refractive error as measured by autorefraction (objective refraction) to that measured by trial frame (subjective) refraction among patients presenting for low-vision rehabilitation. This study is important because if the results had been sufficiently similar, autorefraction (which requires substantially less time and clinical expertise) may have been a suitable alternative to trial frame refraction. A clinical rule of thumb based on the work of Emsley 13 is that each 0.25 D of uncorrected refractive error in a person capable of 20/20 vision decreases visual acuity by one line of Snellen acuity (e.g., from 20/20 to 20/25 or 20/30 to 20/40). One might therefore argue that being within 60.50 D of the trial frame refraction is adequate for patients with moderately impaired acuity, as the difference in size of the letters between two Snellen lines is small. Furthermore, one might argue that for patients who are legally blind, an autorefraction within 61.00 D should be adequate, as that is within their predicted just noticeable difference for lens power changes. However, approximately 5% of SE values differed by 2 D or more, an unacceptable difference. As can be seen by the ranges of differences obtained, there are some differences considerably larger than 2 D. It is crucial that refractive error be appropriately corrected in patients with low vision to provide the best potential for success with low-vision devices. Most near devices are used in conjunction with the best spectacle correction, including a near add if appropriate. If the patient is over-or under-plussed in their refractive correction, the prescribed devices may not work in the way intended, or perhaps not at all.
Three studies have compared subjective refraction to autorefraction among participants in clinical trials: two for the treatment of diabetic retinopathy 14, 15 and one for subfoveal neovascularization. 16 All three studies evaluated only the SE difference between the two refraction methods. The participants for all three were similar in age to our participants; however, fewer subjects in these studies had severe vision loss. A single site study of participants with diabetic retinopathy compared a Diabetic Retinopathy Clinical Research Network (DRCRN) protocol manual refraction to autorefraction. 14 On average the SE of the autorefraction was slightly more plus (hyperopic) than the SE of the manual refraction, with a median difference of only þ0.25 D. However, 38% had an SE difference between the two measures of 1 D or more. Among those with 20/100 or poorer acuity, 62% had an SE difference between the two measures of 1D or more. A larger scale, multicenter study from the DRCRN found similar results, with 30% of participants overall having a difference between subjective refraction and autorefraction of 1 D or greater, increasing to 60% for the subgroup with visual acuity 20/100 or worse. 15 Among participants in the Submacular Surgery Trials, on average the autorefraction was 1.04 D more minus (myopic) than the subjective refraction. 16 The findings of these studies are similar to those of the current study, and further support the conclusion that autorefraction cannot replace subjective refraction.
Subjective refraction has been studied and found to be a valid and repeatable procedure, 17, 18 even among patients with macular degeneration. 19 It is the clinical standard for determination of refractive error. Goss and Grosvenor, 18 in an extensive review of the reliability of subjective refraction, found that the intra-and interexaminer reliability of subjective refraction in most studies was near 80% agreement within 60.25 D and near 95% agreement within 60.50 D for sphere power, cylinder power, and SE power. Given the 27 years of combined experience of the clinicians performing the refractions in this study, it is unlikely that differences between objective and subjective refraction were entirely due to variability of the examiners.
Various autorefractor models have been studied and their reliability and validity reported in the literature, 5, 20 including the Retinomax. [21] [22] [23] [24] The Retinomax has primarily been studied in pediatric subjects owing to its potential usefulness in screening because of its portability. One study of adult patients with myopia presenting to a refractive surgery clinic compared the Retinomax with subjective refraction and found that the Retinomax autorefraction was significantly more minus. 21 All measures were made before surgery but without cycloplegia. The authors attempted to control accommodation by fogging the fellow eye with a þ3.00 D lens; however, that eye was not fixating a target so it is unclear whether the fogging technique would have had the desired effect. It is possible that in this sample of pre-presbyopic myopes that the Retinomax had a tendency for instrument-induced myopia, as accommodation during testing would lead to more myopic measurements. In our study, we also found the Retinomax measures to be slightly more minus, however instrument-induced myopia is an unlikely explanation given the large proportion of our sample with presbyopia. Additionally, there were no differences between older (older than 45 years) and younger participants in our study. In another study, Cordonnier and colleagues 23 found the Retinomax to be accurate with respect to SE when compared with a table-mounted autorefractor (Nikon AR 800, Nikon NR 5000, or Topcon RM 6000). So although there are slight differences among autorefractors, the general consensus is that the Retinomax is a reliable instrument, similar to others on the market. We therefore do not expect the differences we found to be attributable to the particular autorefractor model used in this study.
One possible explanation for differences between trial frame refraction and autorefraction is that the participants had a mean age of 68 years, and therefore likely had relatively miotic pupils. Although pupil size was not measured, miosis when present would increase the depth of focus, 6 potentially affecting the subjective refraction and it would also make use of the autorefractor more difficult.
Study strengths and limitations should be noted. We did not use a standardized research refraction protocol, but rather used usual-care trial frame refraction procedures. Additionally, the examiners were not masked to the autorefraction or the habitual glasses prescription and typically used one or the other as the starting point for trial frame refraction. This would have likely biased the subjective refraction toward the objective refraction. We also did not record visual acuity after autorefraction, therefore we do not know if it would have been different between the two corrections. Assuming, as is commonly done, that the trial frame refraction is the gold standard for refractive error measurement may therefore be a limitation. A strength of this study is its large sample size of patients presenting for low-vision rehabilitative care, a population not addressed in the previous literature on comparison of refraction methods.
CONCLUSIONS
Refractive error, as measured by autorefraction using the Nikon Retinomax Kþ, and trial frame refraction were similar in this cohort of adults with vision impairment. In this study, we sought to determine if autorefraction, which is a quick procedure, could replace the time-consuming trial frame refraction in patients with vision impairment presenting for a low-vision evaluation. These patients are difficult and timeconsuming to refract, so much so that often refraction is omitted in their routine clinical care for their eye disease or anomaly. So, although a person with severely impaired vision would be unable to detect small errors in their refractive correction, the results we obtained show that there are greater differences between trial frame refraction and autorefraction for patients with poorer vision, making the latter an unsuitable substitute even for patients who are legally blind. However, trial frame refraction and autorefraction do correlate well for SE and cylinder power. Additionally, cylinder axis is within 20 degrees for 78% of participants. Autorefraction is therefore a reasonable starting point for refraction of patients with low vision and may decrease the time required to complete trial frame refraction.
